It has been shown in vitro that dihydrolipoate (DL-6,8-dithioloctanoic acid) has antioxidant activity against microsomal lipid peroxidation. We tested dihy drolipoate for its neuroprotective activity using models of hypoxic and excitotoxic neuronal damage in vitro and rodent models of cerebral ischemia in vivo. In vitro, neu ronal damage was induced in primary neuronal cultures derived form 7-day-old chick embryo telencephalon by adding either 1 mM cyanide or I mM glutamate to the cultures. Cyanide-exposed and dihydrolipoate-treated (10-9_10-7 M) cultures showed an increased protein and ATP content compared with controls. The glutamate exposed cultures treated with dihydrolipoate (10 -7_10 -5 M) showed a decreased number of damaged neurons. In vivo, dihydrolipoate treatment (50 and 100 mg/kg) re-
duced brain infarction after permanent middle cerebral artery occlusion in mice and rats. Dihydrolipoate treat ment (50 and 100 mg/kg) could not ameliorate neuronal damage in the rat hippocampus or cortex caused by 10 min of forebrain ischemia. A comparable neuroprotection was obtained by using dimethylthiourea, both in vitro (10-7 and 10-6 M) and at a dose of 750 mg/kg in the focal ischemia models. Lipoate, the oxidized form of dihydro lipoate, failed to reduce neuronal injury in any model tested. We conclude that dihydrolipoate, similarly to di methylthiourea, is able to protect neurons against isch emic damage by diminishing the accumulation of reactive oxygen species within the cerebral tissue. Key Words: Antioxidants-Cerebral ischemia-Dihydrolipoate Neuronal culture-Neuroprotection.
to have such antioxidant activity (Jocelyn, 1972) ; however, neuroprotective effects of thiols have rarely been reported. DL-Dihydrolipoate (DL-6,8dithioloctanoic acid) is a biological dithiol that acts as a co-factor in three different mitochondrial dehy drogenase complexes. Dihydrolipoate has been found to have antioxidant activity in microsomal lipid peroxidation (Bast and Haenen, 1988; Scholich et aI., 1989) . In addition, it has been dem onstrated that dihydrolipoate is able to permeate lipid bilayers (Pagani et aI., 1989) . In the present study, we tested dihydrolipoate for its neuroprotec tive activity using in vitro models of hypoxic and excitotoxic neuronal damage in primary neuronal cultures and in vivo models of cerebral ischemia in rodents.
Lipoate, the oxidized form of dihydrolipoate, is therapeutically used for the treatment of diseases in which free radicals are suggested to be involved in the pathophysiological process [e.g., peripheral neuropathies and liver cirrhosis (Ehrenthal and Prellwitz, 1986) ]. Lipoate is characterized by its di-sulfide bridge, which obviously is easily reduced to dihydrolipoate. In addition, lipoate itself is said to have antioxidant activity via the formation of sulf oxides (Ehrenthal and Prellwitz, 1986 ). Lipoate was therefore tested for its neuroprotective activity, too. Finally, the results were compared with those we obtained with dimethylthiourea, a scavenger of free oxygen radicals, which had already been re ported to reduce neuronal injury after cerebral isch emia in gerbils and rats (Patt et aI., 1988; Martz et aI., 1989) .
MATERIALS AND METHODS

Animals
The animals were obtained from Savo (Kisslegg, F.R.G.) and were maintained under controlled light and environmental conditions (l2-h dark/light cycle, 23 ± 1°C, 55 ± 5% humidity). Standard rat diet (Altromin, Lage, F.R.G.) and water were available ad libitum. The rats used in the global ischemia experiments had been fasted overnight.
Cytotoxic hypoxia in primary neuronal cultures
Primary neuronal cultures were prepared from 7-day old chick embryo telencephalon according to Pettmann et al. (1979) . The cells were seeded into polY-L-lysine coated Falcon culture flasks (25 cm2) at a final density of 105 cells/cm2. The cultures were maintained in Dulbec co's Modified Eagle Medium (Gibco, Paisely, Scotland) supplemented with 20% heat-inactivated fetal calf serum (Gibco), 100 units/ml penicillin, and 100 f,Lg/ml streptomy cin. After 3 days of culture, the medium was exchanged. The cultures were grown at 3rC in a humidified atmo sphere of 95% air and 5% CO 2 , The neuronal cultures could be kept free of glial elements up to 7 days of culture (Pettmann et aI., 1979) .
Cytotoxic hypoxia was induced according to Ahle meyer and Krieglstein (1989) after 4 days of culture, fol lowed by a recovery period of 3 days. Briefly, sodium cyanide (Merck, Darmstadt, F.R.G.) was added to the cultures to a final concentration of 1 mM for 30 min. After this period, the cyanide-containing medium was replaced by fresh medium. The drugs were added to the cultures 30 min before and were maintained in the medium up to 24 h after hypoxia. To characterize the degree of neuronal damage, both the protein content and the ATP level of the cultures were determined 3 days after hypoxia. The pro tein content was measured according to Lowry et al. (1951) , using bovine serum albumin (purest quality; Behringwerke, Marburg, F.R.G.) as a standard. ATP was extracted as described elsewhere (Peruche et al., 1990) , and the A TP content was determined by means of the luciferin/luciferase method (Lumineszenzphotometer; Pharmacia-LKB, Freiburg, F.R.G.). The normoxic cul tures received vehicle instead of sodium cyanide solution. For each experiment, we used sister cultures from the same plating.
Glutamate neurotoxicity in primary neuronal cultures
Primary neuronal cultures were prepared and culti vated as described above. After 6 days of culture, the medium was removed again and the cultures were rinsed with 5 ml of a buffer solution containing 120 mM NaCI, 5.4 mM KCI, 2.3 mM CaCI2, 15 mM glucose, and 25 mM Tris-HCI (pH 7.4 at 37°C). The cultures were then incu bated at 3rC with 5 ml of the buffer solution supple mented with 1 mM L-glutamate (Merck). After an expo sure period of 60 min, the glutamate was washed out with Dulbecco's Modified Eagle Medium, and fresh medium was added to the cultures. The drugs were present in the cultures during the exposure period and up to 24 h after ward. Twenty-four hours after glutamate exposure, the degree of neuronal damage was determined by means of the trypan blue dye exculsion method (Paul, 1975) . With a phase-contrast microscope, damaged and nondamaged neurons were counted in three randomized subfields per flask, each containing 100-120 neurons. Only dark stained neurons that were not phase bright were consid ered damaged. The percentage of damaged neurons was calculated from each flask by adding the counts of the three subfields. Control cultures received buffer without glutamate. Drug effects were evaluated on sister cultures from the same plating.
Focal ischemia in mice
Permanent middle cerebral artery (MCA) occlusion (MCAO) was performed in male NMRI mice as modified from the technique of Welsh et al. (1987) . The animals were anesthetized with tribromoethanol (600 mglkg i.p.) and an incision was made between the left orbit and the ear. The skull was exposed and a small hole was drilled into the outer part above the translucent MCA. The inner part of the skull was carefully opened and the MCA was occluded by microbipolar electrocoagulation. During the surgery, the body temperature was maintained at 37°C. by means of an infrared heating lamp. To prevent a decay of the body temperature, the animals were kept at an environmental temperature of 30°C up to 4 h after MCAO. The rectal temperature was controlled routinely.
After 48 h, the mice were anesthetized again and per fused transcardially with a fine suspension of carbon black. The brains were removed and fixed in a phosphate buffered (pH 7.4) formalin solution (4%). Since the infarct is restricted to the neocortex (Welsh et al. 1987) , the in farct size was determined planimetrically as infarcted sur face area (mm2), measured as the area of the carbon black-unperfused surface by means of an image analyzing system (IBAS 2; Kontron, Eching, F.R.G.). Karkoutiy et al. (1990) found a significant correlation be tween the carbon black-unperfused area and the infarct volume that had been determined by standard histology.
Focal ischemia in rats
MCAO was performed in male Fischer 344 rats (250-300 g) according to Tamura et al. (1981) . Briefly, the an imals were anesthetized with a mixture of nitrous oxide and oxygen (70%/30%) containing 1.5% halothane. A ver tical skin incision was made midway between the left or bit and the ear, and the skull was exposed. Without re moval of the zygomatic arch, a craniotomy was per formed next to the foramen ovale to approach the left MCA. Both the stem of the MCA and its lenticulostriate branches were permanently occluded by microbipolar electrocoagulation. Arterial pH, P ac0 2 ' P a02 (Corning 178; Corning Medical, Giessen, F.R.G.), arterial blood pressure, and plasma glucose concentration (Beckman Glucose Analyzer II, Munich, F.R.G.) were monitored in a subgroup of three animals in each experiment. Temper ature was maintained and controlled as mentioned above.
After 48 h, the animals were again anesthetized with halothane, and the brains were perfusion-fixed via the ascending aorta by a phosphate-buffered (pH 7. 4) forma lin solution (4%). Afterward the brains were removed and stored in the fixative for at least 24 h. The brains were embedded in Paraplast (Monoject Scientific, Kildare, Ire land) and coronal slices (5 f.lm) were taken every 0. 5 mm and stained for histology using 0. 5% cresyl violet. The infarcted area, determined as unstained tissue, was plani metrically calculated by means of the previously men tioned image-analyzing system, separately for cortical, striatal, and total infarct areas. The infarct volume, ex pressed in absolute terms as cubic millimeters, was cal culated from the infarcted area of each slide and the dis tance between succeeding slices.
Global ischemia in rats
Transient forebrain ischemia was performed in male Wi star rats (250-300 g) by occluding both common ca rotid arteries combined with lowering arterial blood pres sure to 40 mm Hg for 10 min (slightly modified from Smith et aI. , 1984) . Arterial pH, P aco2' P a02' arterial blood pres sure, and plasma glucose concentration were determined 20 min before induction and 10 min after termination of ischemia. To prevent the decay of intraischemic and post ischemic cerebral temperature, the environmental tem perature was adjusted to 30°C both during and up to 4 h after ischemia. Previous studies in our laboratory had demonstrated the prevention of ischemia-induced cere bral hypothermia under these conditions (M. Seif el Nasr et aI. , unpublished data).
After a period of 7 days, the rats were anesthetized again and the brains were perfusion-fixed and prepared as described above. For histological evaluation, coronal slices of 5-f.lm thickness were taken from each brain in a plane 6 mm rostral to the tentorial incision. The slices were stained with a mixture of 1 % celestine blue and 1% acid fuchsin. Both the intact and the damaged (i. e. , acid stainable) pyramidal cells in the CAl' CA3, and CA4 sec tors of the hippocampus were counted, and the neuronal injury was expressed as the percentage of damaged neu rons in each subfield. Cortical damage was evaluated semiquantitatively in both the parietal and the frontal cor tex. According to Auer et al. (1984) , the cortical damage was classified as follows: 0, no damage; I, <10% damage; 2, 10-50% damage; 3, >50% damage.
Drugs and drug administration
Racemates of dihydrolipoate and lipoate were gifts from Dr. Ulrich (Asta-Werke, Frankfurt, F. R. G.). N,N' Dimethylthiourea was obtained from Merck. All other chemicals used were of analytic grade purity.
Dihydrolipoate was dissolved in neutral oil, lipoate in a mixture of 1.75 g Tris-HCI and 1. 5 ml 0. 1 N NaOH in 100 ml distilled water, and dimethylthiourea in physiological saline. Fresh drug solutions were prepared daily. In the in vivo experiments, drugs were administered intraperito neally 30 min before the induction of ischemia. The con trols received the vehicle only.
Statistics
The values are given as means ± SD 
RESULTS
Cytotoxic hypoxia in primary neuronal cultures
After a long-term recovery period of 3 days, phase-contrast microscopy revealed that the neuro nal network of the hypoxic control cultures was widely destroyed and many neurons had died leav ing debris. This resulted in a decreased protein con tent compared with the normoxic controls ( Fig. lA  C) . Treatment with dihydrolipoate (10-9 -10-7 M) led to an increase of the protein content of the hyp oxic cultures compared with the hypoxic controls. On the other hand, dihydrolipoate (10-9 M) did not alter the resulting protein content of normoxic cul tures. In both normoxic and hypoxic cultures, a neurotoxic effect of dihydrolipoate, indicated by a decreased protein content, was found at drug con centrations higher than 10-6 M. Dimethylthiourea (10 -6 M) also led to an increase of protein content of hypoxic cultures in comparison with hypoxic controls. Interestingly, we were not able to demon strate a neurotoxic effect of dimethylthiourea simi lar to that of dihydrolipoate in this model. In case of lipoate treatment 00-9 -10-4 M), there was no change in the resulting protein content of the cul tures.
In hypoxic, dimethylthiourea-treated (10-6 M) cultures, a decrease of the ATP level could be ob served ( Fig. 100F ) , On the other hand, dihydroli poate-treated 00-9 -10-7 M), hypoxic cultures showed an elevated ATP level that could not be seen in normoxic, dihydrolipoate-treated cultures. Lipoate treatment did not alter the ATP level of the cultures.
Glutamate neurotoxicity in primary neuronal cultures
An exposure of the neuronal cultures to 1 mM glutamate for 60 min resulted in an increased num ber of damaged, try pan blue-stained neurons. There were approximately twice as many injured neurons in the glutamate-exposed cultures com pared with the controls (59.0 ± 4.2% damaged neu rons in glutamate-exposed cultures, 31.4 ± 2.4% in control cultures; p < 0.001). Both dihydrolipoate treated 00-7 -10-5 M) and dimethylthiourea treated (10-7 M) cultures showed a decreased num ber of damaged neurons after the glutamate expo sure (Fig. 2) . In opposition to the results obtained in the model of cytotoxic hypoxia, however, they did not reach the control levels of undamaged neurons at any concentration tested. Again, the neurotoxic effect of high dihydrolipoate concentrations could be clearly demonstrated. Lipoate failed to protect the neurons from excitotoxic damage at any con centration tested. 
Focal ischemia in mice
After permanent MCAO in mice, dimethylthio urea (750 mg/kg) was able to reduce the infarcted surface area significantly from 26.8 ± 3.6 mm 2 in controls to 22.1 ± 4.2 mm 2 (Fig. 3) . In dihydroli poate-treated animals, both 50 mg/kg (the infarcted surface area was 21.3 ± 3.3 mm 2 compared with 24.9 ± 3.5 mm 2 in controls) and 100 mg/kg (the infarcted surface area was 21.3 ± 3.6 mm 2 com pared with 26.5 ± 3.3 mm 2 in controls) exhibited a similar neuroprotective effect, whereas the lower dose of dihydrolipoate (20 mg/kg) did not signifi cantly influence the infarcted surface area. In case of treatment with 100 mg/kg dihydrolipoate, we observed an enhanced mortality (17 animals were subjected to MCAO, 8 animals died), which could not be seen either at 20 mg/kg (11 animals were subjected to MCAO, no animal died) or at 50 mg/kg (11 animals were SUbjected to MCAO, 2 animals died).
Although lipoate had failed to protect neurons from hypoxic or excitotoxic damage in vitro, we could not exclude a neuroprotective activity of lipoate in vivo. However, lipoate tested at 10, 30, and 100 mg/kg exerted no significant neuroprotec tion. Primary neuronal cultures were exposed to 1 mM glutamate for 60 min after 6 days of culture. Nonexcitotoxic controls received buffer solution wihout glutamate. The drugs were present in the cultures during the exposure period and up to 24 h afterward. After 24 h, the percentage of damaged neu rons was determined using the trypan blue dye exclusion method. The values are given as means ± SD from three to six experiments. Different from corresponding controls: **p < 0.01, ***p < 0.001 (analysis of variance and subsequent Scheffe test).
Focal ischemia in rats
In accordance with the results previously re ported by Martz et al. (1989) , dimethylthiourea (750 mg/kg) significantly reduced the cortical and the to tal infarct volume in this model. The cortical infarct volume was 45.7 ± 16.5 mm 3 in drug-treated rats compared with 79.3 ± 22.6 mm 3 in control rats, and the total infarct volume was 59.5 ± 18.6 mm 3 in drug-treated rats compared with 96.8 ± 29.0 mm 3 in controls (Fig. 4) . The striatal infarct volume could not be influenced by dimethylthiourea treatment.
After treatment with 50 mg/kg dihydrolipoate, the volume of the total infarcted tissue was significantly reduced by 23%. The total infarct volume was 82.1 ± 31.4 mm 3 in drug-treated rats and 107.6 ± 29.8 mm 3 in control rats (Fig. 4) . The rats that had been treated with 100 mg/kg dihydrolipoate exhibited 14% reduction in the mean value of the total infarct volume, which, however, did not reach the level of statistical significance. The total infarct volume was 98.4 ± 59.7 mm3 in drug-treated rats (n = 7) and 113.5 ± 50. 9 mm3 in control rats (n = 8). In contrast to the experiment of focal cerebral ischemia in mice, dihydrolipoate-treated rats showed no en hanced mortality (15 animals were subjected to MCAO in case of 50 mg/kg, 1 animal died; 7 animals were subjected to MCAO in case of 100 mg/kg, no animals died).
Despite the negative results we had obtained in the mouse model ofMCAO, lipoate was tested at its highest dose of 100 mg/kg in rats; but again we found no reduction of the infarct size after lipoate treatment. On the contrary, there was a tendency toward an increased infarct volume, which, how ever, was not statistically significant. The total in farct volume was 117.4 ± 39. 7 mm3 in drug-treated rats (n = 8) and 96. 8 ± 29.0 mm3 in control rats (n = 7). The physiological parameters measured during the surgical procedure were not influenced by the three drugs tested.
Global ischemia in rats
The physiological parameters of lipoate-and di hydrolipoate-treated rats measured 20 min before the induction as well as 10 min after the termination of ischemia are given in Table 1 . We observed a comparable, significant decrease in the plasma glu cose concentration in both lipoate-and dihydroli poate-treated rats within 40 min after the drug ap-plication. In case of lipoate-treated rats, there was a transient reduction of the mean P aco2 level. All other parameters measured were not influenced by the two compounds. '
Seven days after ischemia, a high number of dam aged neurons could be observed in the hippocampal CAl region of control rats, whereas the neuronal damage within the CA 3 and CA4 subfields was mar ginal. Neither lipoate (20 and 50 mg/kg) nor dihy drolipoate (50 and 100 mg/kg) was capable of reduc ing the neuronal damage in one of the three sub fields ( Table 2 ). In addition, there was no difference in cortical damage between drug-treated and con trol rats (e. g., mean score of parietal cortical dam age was 0. 4 ± 0.3 in rats treated with 50 mg/kg dihydrolipoate and 0.5 ± 0. 4 in controls; the rest of the values is not given). In opposition to the results of the rat focal ischemia experiments, a high mor tality could be observed in the case of 100-mg/kg dihydrolipoate-treated rats ( Table 2) .
Having received 750 mg/kg dimethylthiourea, all rats subjected to 10 min of forebrain ischemia were unable to recover and died within 12 h after the surgical procedure.
DISCUSSION
In the present study we demonstrated a neuro protective effect of dihydrolipoate and dimethyl thiourea against hypoxic and excitotoxic neuronal (n = 13) (n = 13) (n = 13) (n = 13) (n = 11) (n = I I) (n = 6) pH pre 7,38 ± 0.03 7,38 ± 0,03 7,39 ± 0,02 7,38 ± 0.Q2 7.40 ± 0,02 7.40 ± 0,02 7,39 ± 0,01 pH post 7,37 ± 0,02 7,37 ± 0,03 7,39 ± 0,01 7,39 ± 0,01 7,39 ± 0,01 7.39 ± 0,04 7,34 ± 0,01 p.co2 pre (mm Hg) 35,8 ± 4,9 32.4 ± 4,2Q 35,9 ± 4,9 32.4 120 ± 10 118 ± 11 124 ± 9 120 ± 11 127 ± 11 122 ± 9 124 ± 8 Rectal temp, pre ceC) 37,1 ± 0.4 37,1 ± 0,3 37,2 ± 0,3 37,0 ± 0.3 37,0 ± 0,1 37.0 ± 0,1 37,1 ± 0.2 Rectal temp, post (0C) 37,3 ± 0,2 37.4 ± 0.1 37.4 ± 0,2 37.4 ±0 ,1 37.4 ± 0,2 37.5 ± 0,2 37,5 ± 0.3
Physiological variables were determined 20 min before induction of ischemia (pre) and 10 min after the termination of ischemia (post).
The values are given as means ± SD, Different from control: ap < 0,05, b p < 0,01 (Kruskal-Wallis H test and Duncan test), damage in vitro and against neuronal damage caused by focal cerebral ischemia in vivo. We started our in vitro studies using a long-term recovery model of cytotoxic hypoxia in primary neuronal cultures. Compared with hypoxic con trols, dihydrolipoate-or dimethylthiourea-treated hypoxic cultures showed a significantly increased protein content. Since the protein content of the cultures is a measure of both cell growth and cell number, the question arose of whether the two compounds really prevented cell death or whether they just stimulated cell growth. Dimpfel et al. (1990) reported a dose-dependent effect of lipoate on the sprouting of neurites in a rat neuroblastoma cell line. However, the authors investigated high drug concentration (from 6 x 10 -4 to 1 x 10-2 M) and did not use primary neuronal cultures. It is therefore not inconsistent with the findings of Dimpfel et al. (1990) that the normoxic primary neu ronal cultures we treated with dihydrolipoate, di methylthiourea, or lipoate did not exhibit elevated protein contents. Indeed, light microscopy did not reveal morphological changes after drug treatment in normoxic controls, except for the toxic effects of high dihydrolipoate concentrations. For that rea son, we can exclude that it was only a trophic effect on cell growth that led to the increased protein con tent after hypoxia.
The results concerning the ATP level have to be interpreted in a refined way. Krieglstein et al. (1988) had previously found that chick primary neuronal cultures that had been exposed to 1 mM cyanide for 120 min exhibited a 60% decrease in ATP content, an increase of both ADP and AMP, and a reduction of the energy charge of the cultures within minutes. However, 2 min after the termination of the cyto toxic hypoxia, the energy charge was comparable with that before inducing hypoxia. In contrast, the ATP content was not completely restored. This had been interpreted as an efflux of ATP or its precur sors adenosine, AMP, and ADP from the cell into J Cereb Blood Flow Metab, Vol. 12, No.1, 1992 the medium during the hypoxic period. On the other hand, the neuronal damage that develops hours af ter the cyanide exposure may also be associated with with a release of ATP or one of its precursors from the cell into the medium. From this point of view, the ATP level can be interpreted as a measure of membrane dysfunction rather than a measure of the energy level of the neurons. It can therefore be assumed that the increased posthypoxic A TP level appearing in dihydrolipoate-treated hypoxic cul tures reflected a decreased number of injured neu rons. The diminished ATP level of dimethylthio urea-treated cultures, however, possibly reflected a divergence of cellular ATP and protein content. The ATP level was expressed in relation to the protein content, which in this case had increased strongly and completely reached the level of the norm oxic controls. The protein content (mglflask) in dimeth ylthiourea-treated (10-6 M) hypoxic cultures was 0.298 ± 0.032 compared with 0.293 ± 0.019 in nor moxic controls, whereas, e.g., the protein content in dihydrolipoate-treated (10-6 M) hypoxic cultures was 0.252 ± 0.025 compared with 0.276 ± 0,016 in normoxic controls, To characterize in more detail the neuroprotec tive activity of the tested drugs, a model of excito toxic neuronal damage was used in the same culture system. Both dihydrolipoate and dimethylthiourea were able to reduce excitotoxic neuronal damage induced by exposing the cultures to 1 mM L-gluta mate. The excitotoxic theory of ischemic-hypoxic neuronal damage (Choi, 1988) points out that the formation of reactive oxygen species may be one consequence of excessive glutamate receptor acti vation. Because of the increased cytosolic calcium level within the neuron after glutamate exposure, enzymes involved in free radical generation, like phospholipase A and xanthine oxidase, could be ac tivated. Free radicals are considered to cause lipid peroxidation as well as oxidation of proteins and nucleic acids, leading to both an increased mem-brane and enzymatic dysfunction and finally con tributing to cell death ("oxidative stress"; Sies, 1986) . In a recent study, Monyer et ai. (1990) re ported that various 21-aminosteroids, inhibitors of lipid peroxidation that are structurally unrelated to dihydrolipoate, had neuroprotective properties in models of hypoxic and excitotoxic neuronal injury in vitro. Our in vitro results also support the hy pothesis of glutamate-induced free radical forma tion and the possibility of preventing the neuronal injury when antioxidants are administered. How ever, a glutamate-induced free radical formation in vitro may be just one event within a complex situ ation that finally leads to cell death. This assump tion could be an explanation for the fact that both dihydrolipoate and dimethylthiourea only partly protected neurons against excitotoxic cell death, whereas treatment with the noncompetitive N methyl-D-aspartate antagonist dizocilpine (10-7 -10-5 M) resulted in nearly 100% protection in vitro (J. H. M. Prehn and J. Krieglstein, unpublished data) . On the other hand, it should be noted that activation of glutamate receptors may be just one cause of free radical formation after cerebral isch emia in vivo.
Our in vitro results also seem to correlate with the observations reported previously by Scholich et ai. (1989) as well as Bast and Haenen (1988) . Both studies stated that protection against microsomal lipid peroxidation was not achieved by adding li poate to the microsomal fraction. In analogy to these findings, lipoate was not able to reduce neu ronal injury in our study either. Furthermore, the experiments of Bast and Haenen (1988) showed that dihydrolipoate had a pro-oxidant activity, which could explain the toxic effect of high dihydrolipoate concentrations in our study.
To evaluate the neuroprotective activity of the three compounds in vivo, two models of focal and one model of global cerebral ischemia were used. In analogy to the results of Martz et ai. (1989) , di methylthiourea was capable of reducing the infarct size both in the mouse and in the rat model of per manent focal ischemia. Owing to the toxicity of the high dose, we could not demonstrate a neuropro tective effect of dimethylthiourea in rats that were subjected to 10 min of forebrain ischemia.
Dihydrolipoate exerted a neuroprotective activity in experimental focal ischemia at the doses of 50 and 100 mg/kg when administered as a single pre ischemic dose. After transient forebrain ischemia in the rat, however, there was no reduction of the hip pocampal or cortical neuronal damage. Our findings suggest that dihydrolipoate is able to protect neu rons against ischemic damage in the penumbra of a focal infarct. However, it cannot be excluded that repetitive doses of dihydrolipoate could produce a neuroprotective effect in the forebrain ischemia model, too.
Nevertheless, the same patter ri of results was found after application of the 21-aminosteroid U74006F. Silvia et al. (1987) demonstrated the neu roprotective activity of this compound in a cat stroke model, and Berry et ai. (1987) reported that U74006F was able to protect against postischemic mortality and neuronal necrosis after unilateral ca rotid occlusion in gerbils. In the same rat model of transient forebrain ischemia as used in this study, however, Beck and Bielenberg (1990) were not able to show a neuroprotective effect, even if the 21aminosteroid was administered 10 min before as well as 3 and 24 h after global cerebral ischemia.
Dihydrolipoate as well as lipoate exerted a rapid and pronounced reduction of the plasma glucose level in Wistar rats, which had been fasted over night and were then subjected to transient forebrain ischemia. A reduction of the plasma glucose level could not be observed in the experiments of focal ischemia in rats, but it has been demonstrated that both lipoate and dihydrolipoate produce a delayed decrease of the plasma glucose concentration in rats and rabbits, which was maximal 2 h after drug ad ministration (Natraj et aI., 1984) . This reduction of the plasma glucose concentration is caused by a stimulation of glycolysis (Singh and Bowman, 1970) and inhibition of gluconeogenesis (Blumenthal, 1984) . Since lipoate failed to ameliorate ischemic neuronal damage but still reduced plasma glucose concentration, we assume that the hypoglycemic ef fect of dihydrolipoate is not responsible for its neu roprotective activity.
Only the reduce form of lipoate protected neu rons against ischemic damage. We suggest that, similarly to dimethylthiourea, dihydrolipoate evolves its neuroprotective activity by diminishing the accumulation of reactive oxygen species within the cerebral tissue. Scholich et al. (1989) postu lated that dihydrolipoate protects against micro somal lipid peroxidation via a nonenzymatic mech anism. Thus, dihydrolipoate may directly scavenge radicals, may reduce endogenous compounds used in the biological defense against oxidative stress like oxidized glutathione (Bast and Haenen, 1988) , or may react with iron ions (Jocelyn, 1972) , which are predicted to play a triggering role in free radical formation (Halliwell and Gutteridge, 1986) .
Since the doses required in vivo were high com pared with the concentrations in vitro, it is likely that pharmacokinetic properties of dihydrolipoate limited its neuroprotective activity in vivo. The ef-fects of dihydrolipoate in the models of focal cere bral ischemia were not as pronounced as the effects of N-methyl-D-aspartate antagonists reported else where (Gotti et al., 1988; Ozyurt et al., 1988; Park et al., 1988) , but our findings show that thiols are able to reduce brain infarction. Assuming that free and sufficiently high plasma concentrations as well as a good CNS penetration can be realized, thiols could become effective tools for the treatment of cerebral ischemia.
In conclusion, dihydrolipoate, a biological thiol, was capable of reducing hypoxic and excitotoxic neuronal damage in vitro at nano-to micromolar concentrations. Furthermore, dihydrolipoate re duced ischemic neuronal damage caused by perma nent focal cerebral ischemia in vivo. Our results also give further evidence that reactive oxygen spe cies participate in the pathogenesis of ischemic neu ronal damage.
